Introduction {#s0001}
============

Streptococcus pneumoniae is an opportunistic pathogen that colonises the upper respiratory tract asymptomatically.[@cit0001] It can invade the bloodstream and cause systemic diseases such as sepsis, meningitis, and invasive pneumonia.[@cit0002]^,^[@cit0003] Mortality rates for invasive pneumococcal disease (IPD) are particularly high in high-risk populations; e.g. young children, the elderly, and immunocompromised patients. At least 1 million children \<5 y of age die annually from pneumonia and IPD in developing countries.[@cit0004]

To prevent pneumococcal disease, the pneumococcal polysaccharide vaccine (PPV23), which comprises 23 capsular serotypes and is effective in healthy adults, was first licensed in 1983.[@cit0005]^,^[@cit0006] However, as PPV23 is poorly immunogenic in children, the elderly, and immunocompromised individuals,[@cit0007] the 7-valent pneumococcal conjugate vaccine (PCV7), which comprises the 14, 6B, 19F, 23F, 18C, 4, and 9V polysaccharide antigens conjugated to a carrier protein, was developed, and its efficacy has been demonstrated.[@cit0010] However, the incidence of IPD caused by serotypes included in the PCV7 vaccine has decreased,[@cit0014] while that of IPD due to non-PCV7 serotypes has increased.[@cit0017]^,^[@cit0018] This has led to the development and licensing of higher-valency pneumococcal conjugate vaccines (PCV10-PCV7 plus serotypes 1, 5, and 7F; and PCV13-PCV10 plus serotypes 3, 6A, and 19A) for prevention of pneumococcal diseases.

Animal models have played an important role in vaccine development. Although determination of vaccine efficacy using animal models is subject to several limitations (strains non-pathogenic in animals, etc.), use of animal models for vaccine research facilitates their translation to clinical use.[@cit0019] In particular, the mouse model is more economical and convenient than other animal models and has been used in previous studies to demonstrate the immunogenicity and protective efficacy of S. pneumoniae vaccines.[@cit0020] Also, because more individuals in mouse model could be reared in limited area and involved in the experiment than other animal model, population study in a mouse model should be possible for investigating the individual difference and variation in the progress of vaccine evaluating.

In developing country, vaccine development is still needed in economical aspect, as high cost of previously licensed vaccine is a barrier to the people. The aim of this study is to assess mouse model as a preclinical platform in development of pneumococcal vaccine by comparative analysis. It was assessed whether a mouse model might be effective for evaluating the efficacy of higher-valency pneumococcal conjugate vaccines including polysaccharide antigens of S. pneumoniae strains nonpathogenic against mouse. For comparative analysis, a recently patented 13-valent pneumococcal capsular vaccine by a South Korean manufacturer (Patent No. WO 2013191459 A1) and licensed PCV13 were used as assessment materials. Moreover, we described the range of an individual difference in the serological immunogenicity of mouse population, compare with that of previously licensed PCV13 as a control. It was expected that the comparative evaluation in animal population should compensate for the drawbacks of evaluating new vaccine in a mouse model.

Results {#s0002}
=======

Determination of cut-off values and immunization method {#s0002-0001}
-------------------------------------------------------

The PnP ELISA cut-off value of each serotype calculated using sera from 20 non-immunised mice was A~405\ =~ 0.142--0.204 ([Table 1](#t0001){ref-type="table"}). For the determination of immunization method, the anti-capsular IgG level was screened in mice (n = 3 per each group) immunised s.c., i.p., and i.m. with three doses of each vaccine (new PCV13 and control vaccine). The no-diluted serum level of IgG against serotypes 5 (A~405~ = 0.132), 7F (A~405~ = 0.19), and 23F (A~405~ = 0.095) in mice immunised s.c with three doses was very low; indeed, those of serotypes 5 and 23F were below the cut-off. However, the level of IgG against each serotype in mice immunised i.p. and i.m. was markedly higher than that in those immunised s.c. ([Table 2](#t0002){ref-type="table"}). Although the IgG levels almost in each serotypes did not differ significantly between i.p. immunised group and i.m immunised group, the specific IgG level of i.p. immunised group seem to be a little higher than that of i.m. immunised group ([Table 2](#t0002){ref-type="table"}). Comparison results between new PCV13 and control vaccination group exhibited that there should not be any significant difference in the IgG level of all group. These results of small population (n = 3) lead to apply i.p. immunization method to serological evaluation study for larger population (n = 20). Table 1.Cut-off values of pneumococal polysaccharide enzyme-linked immunosorbent assay in wild-type mice (n = 20).Serotype13456A6B7F9V1418C19A19F23F**Cut-off**0.1420.2040.1530.1780.1770.1860.1780.1730.1860.1490.1850.1950.167 Table 2.The screening results (mean of endpoint titer) of pneumococal polysaccharide enzyme-linked immunosorbent assay for the determination of immunization method. New PCV13Control vaccineSerotypeI.P.[^a^](#t2fn0001){ref-type="fn"}I.M.[^b^](#t2fn0002){ref-type="fn"}I.P.I.M.1\> 640\> 640\> 640\> 6403133.3166.73201604\> 640\> 640\> 640\> 6405\> 640373.3640133.36A\> 640\> 640\> 640\> 6406B\> 640426.7\> 640\> 6407F\> 640\> 640\> 640\> 6409V213.316016016014\> 640\> 640\> 640\> 64018C\> 640\> 640\> 640\> 64019A\> 640\> 640\> 640\> 64019F\> 640\> 640\> 640\> 64023F106.740133.380[^2][^3][^4]

Serological evaluation in a mouse model {#s0002-0002}
---------------------------------------

In the mouse population (n = 20), the levels of anti-capsular IgG against each serotype were determined. The specific IgG endpoint titres ranged from 400--25,600 (serotype 1), 100--6,400 (serotype 3), 6,400--51,200 (serotype 4), 100--3,200 (serotype 5), 200--12,800 (serotype 6A), 200--6,400 (serotype 6B), 800--6,400 (serotype 7F), 100--12,800 (serotype 9V), 12,800--51,200 (serotype 14), 100--12,800 (serotype 18C), 400--6,400 (serotype 19A), 800--25,600 (serotype 19F), and 100--800 (serotype 23F). The quartile values (Q1, Q2, and Q3) in each vaccination groups (new PCV13 and control vaccine) are shown in [Table 3](#t0003){ref-type="table"}. The immunogenicity of serotypes 6B, 7F, 14, 18C, and 19F differed significantly (p \< 0.05) between the two groups, but that of serotypes 1, 3, 4, 5, 6A, 9V, 19A, and 23F did not ([Table 3](#t0003){ref-type="table"}). The incidence of the endpoint titer of each serotype in the population of immunised mice (n = 20) is presented as a box plot in [Fig. 1](#f0001){ref-type="fig"}. In the analysis of interquartile range (IQR = Q3-Q1), the immunogenic range of serotype 3 and 6A exhibited \>4-fold difference in the population (n = 20) of new PCV13 vaccination group, while serotype 1 and 19A showed .4-fold difference in control vaccination group. Other serotypes exhibited ≤ 4-fold change in the population of both immunization group. The range of the anti-capsular IgG level in the same serotype was shown differently, depending on each individual and the kind of vaccine in a mouse model. Table 3.Quartile values of the endpoint titer of IgG against each serotype in mice (n = 20) i.p. immunised with new PCV13 and control vaccine. New PCV13Control SerotypeQ2 (Q1; Q3)[^a^](#t3fn0001){ref-type="fn"}Q2 (Q1; Q3)*p***1**6,400 (5,600; 12,800)25,600 (2,800; 51,200)0.063**3**100 (100; 3,200)400 (400; 800)0.29**4**25,600 (12,800; 25,600)12,800 (12,800; 25,600)0.273**5**800 (350; 800)400 (200; 500)0.055**6A**800 (400; 4,000)400 (400; 1,000)0.187**6B**800 (400; 1,600)400 (200; 800)**0.0047F**3,200 (2,800; 6,400)6,400 (3,200; 6,400)**0.0049V**200 (100; 400)200 (175; 200)0.145**14**38,400 (25,600; 51,200)25,600 (12,800; 25,600)**0.0218C**3,200 (1,400, 3,200)6,400 (5,600, 8,000)**0.00219A**1,600 (800; 3,200)1,600 (800; 4,000)0.231**19F**6,400 (6,400; 8,000)3,200 (1,600; 3,200)**0.00123F**100 (100; 100)100 (100; 100)0.331[^5] Figure 1.Box plot of pneumococal polysaccharide enzyme-linked immunosorbent assay endpoint titres of each serotype in mice (n = 20) immunised with (A) new PCV13 (SK PCV13) and (B) control vaccine.

Functional antibody titres were determined by OPA. The titer was defined as the reciprocal of the serum dilution that resulted in a 50% reduction in the number of bacterial colonies, compare with the control. The OPA titres in the mice (n = 20) immunised with new PCV13 are presented as a box plot in [Figure 2](#f0002){ref-type="fig"}. The titres of functional antibodies against serotypes 3, 5, 6B, 9V, and 23F were low (Q2 \< 30) in both immunised populations ([Fig. 2](#f0002){ref-type="fig"}). However, the titres against other serotypes were higher and similar to those determined by PnP ELISA. Figure 2.Box plot of the opsonophagocytic killing assay IgG titres against each serotype in mice (n = 20) immunised with (A) new PCV13 (SK PCV13) and (B) control vaccine. OPA titres measured after immunisation with three doses of each vaccine at weeks 0, 2, and 4.

Challenge of animal {#s0002-0003}
-------------------

To assess protective immunity following immunisation with new PCV13, S. pneumoniae serotype 3 strain A66 (mouse virulent strain) was administered i.p. to mice (n = 3 per non-vaccinated group) with inoculation of 10^2^, 10^3^ and 10^5^ CFU/0.1mL, respectively. All mice in each group were killed in 36 hr ([Fig. 3](#f0003){ref-type="fig"}). Also mice (n = 3, vaccinated group) were administered the pneumococcal strains at 10^5^ CFU/0.1mL at 5 weeks after the final immunisation. The immunised groups showed 100% protection ([Fig. 3](#f0003){ref-type="fig"}). Figure 3.Induction of protective immunity by new PCV13 (SK PCV13). *S*. *pneumoniae* serotype 3 strain A66 (mouse virulent strain) was administered i.p. to mice (n = 3 per non-vaccinated group). Lethal effect was monitored for 72 hr. In vaccinated group, mice were immunised intraperitoneally three times at 0, 2, and 4 weeks with 15.4 μg of new PCV13. At 5 weeks after the final, mice (n = 3) were challenged intraperitoneally with *S. pneumoniae* A66 at 10^5^ CFU/0.1mL. Three of mice per group were used in this experiment (n = 3).

In the case of other serotypes, serotypes 1, 4, 5, and 6A showed \>50% lethality in 48hr following intraperitoneal inoculation of 10^3^- 10^5^ CFU/0.1 mL (n = 3 of each group) ([Table 4](#t0004){ref-type="table"}). The other serotypes showed no lethality in wild mice. So we tried to use neutropenic mouse model. Neutrophils principally participate in the defense against pneumococcoi. In neutropenic mice, neutrophils are decreased to be immunocompromised state. But other immune system such as like macrophage and complements could involve in the protection, although neutrophils is restricted. In this study, other immunsystem, especially intraperitoneal macrophage, is expected to protect, as pneumococci inoculated i.p. Also specific IgG and complements could inhibit to progress into systematic disease. In neutropenic mice, serotypes 6B, 9V, and 18C showed \>50% lethality in 72hr following intraperitoneal inoculation of 10^6^ CFU (n = 3 of each group) ([Table 4](#t0004){ref-type="table"}). Serotypes 7F, 14, 19A, 19F, and 23F showed little (\< 50%) or no lethality in wild-type and neutropenic mice (n = 3 of each group). Table 4.Survival rate (%) of each serotype strains in wild and neutropenic mouse model (n = 3).Mouse modelSerotypeInoculation volume24h48h72hWild mouse110^4^10033.3333.33  10^5^10033.3333.33  10^6^ after immunized100100100 310^3^10033.330  10^5^10000  10^7^ after immunized100100100 410^3^10033.3333.33  10^4^10000  10^6^ after immunized100100100 510^4^10033.3333.33  10^6^10000  10^6^ after immunized100100100 6A10^5^10033.3333.33  10^6^10033.330  10^7^ after immunized100100100Neutropenic mouse6B10^5^100100100  10^6^1001000  10^8^ after immunized100100100 9V10^5^100100100  10^6^1001000  10^8^ after immunized100100100 18C10^4^100100100  10^5^10010033.33  10^7^ after immunized100100100

To assess protective immunity, mice were challenged with 100-fold the LD~50~ of serotypes 1, 4, 5, 6A, 6B, 9V, and 18C after three-dose vaccination. Serotypes 1, 3, 4, 5, and 6A were administered i.p. to wild mice, and the other serotypes to neutropenic mice. Wild-type and neutropenic mice immunised with new PCV13 and control vaccine showed 100% protective activity against each challenged serotypes.

Discussion {#s0003}
==========

Animal model for the infectious disease has played an important role to the development of human vaccines. The evaluation of quantity and quality of immune responses in animal model could be indicators of therapeutic potential. In this study, new PCV13 vaccine was developed as condition in the manufacturing process were determined by competent level of immunogenicity and conjugation yield. Then, several critical process parameters, such as protein and polysaccharide conjugation ratio and degree of oxidation of polysaccharides, were optimized for specific serotypes. In developing the vaccine, we utilized the key principle of reductive amination process in which NaIO~4~ could cleave a C‒C bond (alkene) and form two aldehydes. Consequently, the amines of proteins could couple to the aldehydes to form C‒N bonds. Here, the oxidation of the polysaccharide by NaIO~4~ increased efficiency of the reductive amination process. Nonetheless, the cleavage of the C-C bond by NaIO~4~ could cause structural changes in polysaccharide epitope, influencing not all, but only a portion of polysaccharide epitope. Some changes in polysaccharides epitope might affect the immunogenicity of the polysaccharides, but our study showed that there should be not a significant impact in the immunogenicity of the polysaccharides, as the level of anti-capsular IgG was sufficiently immunogenic in the population of mouse, compare with that of control vaccine.

Prior to applying the clinical trial, the evaluation of immune response and efficacy in animal model should be efficient to translate results to the clinic. We assumed that comparative study in animal model could efficiently assess the efficacy of the newly developed vaccine, although it is difficult to directly compare with each other in the potential improvement. By comparative study, we also assessed whether a mouse model might be effective for evaluating the efficacy of higher-valency pneumococcal conjugate vaccines.

The induction of functional antibodies has been investigated in animal models by PnP ELISA and OPA.[@cit0023] Animal models of infection facilitate evaluation of specific capsular antibodies and their ability to prevent infection.[@cit0020]^,^[@cit0024]^,^[@cit0025] Animal models have been used to test pneumococcal protein vaccines; indeed, the adult mouse is a convenient model that can predict vaccine efficacy in human.[@cit0026] Assessment of newly developed vaccines in animal models prior to clinical testing enables evaluation of specific antibody production and protective efficacy. The mouse model facilitates vaccine population studies as a large number of animals can be used, compare with other animal models. However, measurement of the geometric mean concentrations (GMC) of anti-capsular IgG is problematic in mouse model, due to the low volume of serum that can be obtained from each immunised animal. Therefore, we adopted the reciprocal of serum dilution to determine anti-capsular IgG titres using PnP ELISA and OPA to overcome the limitation of testing immunogenicity in the mouse model.

In this study, we assessed the immunogenicity and protective efficacy of new PCV13, in comparison with those of previously licensed vaccines as a control, in a mouse model. PnP ELISA and OPA results can be used as primary endpoints for assessment of vaccine immunogenicity. Through the trial of new PCV13 to mouse population model, the range of the anti-capsular IgG level in the population was checked. The anti-capsular IgG levels against serotypes 1, 4, 7F, 14, 18C, 19A, and 19F were considerably higher (Q2 \>1,600) than those of the other serotypes in both immunised groups ([Table 3](#t0003){ref-type="table"}). However, the Q2 of specific IgG levels against the other serotypes was relatively low (Q2 ≤ 800) in both immunised groups, particularly that against serotype 23F (Q3 = 100). As the immunogenicity of serotypes 6B, 7F, 14, 18C, and 19F differed significantly (p \< 0.05) ([Fig. 3](#f0003){ref-type="fig"}), there should be significantly different serological immunity in new PCV13 and control in a mouse model. Interquartile range (IQR = Q3-Q1) analysis showed that the immunogenic range of most serotypes exhibited ≤ 4-fold change in the population (n = 20) of both immunization group (new PCV13 and control), except of serotype 3 and 6A (new PCV13) and 1 and 19A (control) ([Table 2](#t0002){ref-type="table"} and [Fig. 1](#f0001){ref-type="fig"}). Comparative analysis in a mouse model exhibited significant differences in serological immunity of a few serotypes and the range of anti-capsular IgG in the population of both vaccination groups. Therefore, our findings suggest that a mouse model should be adequate for evaluating serological efficacy and difference in the population level with comparison analysis.

However, there were some barriers to the results of serological evaluation in mice could be applied to the clinic. US study showed that serotype-specific IgG GMCs (μg/mL) after three-dose infant series in the clinic with current Prevnar (PCV13) ranged from 0.49 (serotype 3) to 4.74 (serotype 14).[@cit0027] In our data, the immunogenicity in mice of each of the 13 serotypes did not correlate completely with that of current Prevnar vaccine seen in the clinic. The immunogenicity in serotype 1, 6A, 6B, 7F, 14, and 19A exhibited \>2 μg/mL of GMC in the clinic,[@cit0027] while serotype 1, 4, 7F, 14, 18C, and 19F exhibited \>1,600 (Q2) in mice with Prevnar (PCV13). The lower value (\< 1 of GMC and \<400 of endpoint) was showed in serotype 3 and 9V in the clinic,[@cit0027] while in 9V and 23F in mice. These showed that there could be different in the immunogenicity between mice and human against the 13 serotypes, although it is difficult to compare GMC with endpoint value.

Challenge of wild-type or neutropenic mice with serotypes 3, 5, 6A, 6B, and 9V demonstrated induction of protective immunity, despite low anti-capsular antibody levels. Also, challenge of mice showed induction of protective immunity against serotypes 1, 4, 7F, and 18C, which also exhibited greater immunogenicity. However, protective immunity against all PCV13 vaccine serotypes could not be evaluated, as a model of infection with serotypes 14, 19A, 19F, and 23F was not available. S. pneumoniae strains non-pathogenic to mice have been reported, and serotype 23F was reported to be poorly immunogenic in CBA/J mice.[@cit0028] With challenging of less-virulent S. pneumoniae sereotype strains in a neutropenic mouse model, protection efficacy could be evaluated, but both mouse models still exhibited some limits in evaluating protection efficacy for a few avirulent serotypes strains. Animal model could not completely overcome the difference of immunoresponse and protection efficacy between human and animal. But animal model has some values for screening and evaluating immunoresponse as a translational research, prior to the clinical trial. One of the aim in this study is to assess mouse model as a preclinical platform in development of pneumococcal vaccine. Although there are some limits to assess the protection efficacy against a few serotypes, mouse model could be a good model for serological evaluation in the population level.

In summary, comparison analysis in a mouse model, including neutropenic model, should be economical and effective for developing a new vaccine and evaluating the difference width of serological immunity in the population level. However, a mouse model of infection with avirulent vaccine serotypes is required.

Materials and methods {#s0004}
=====================

Mice {#s0004-0001}
----

Female 6--8-week-old BALB/c mice (Orient Bio, Sungnam, South Korea) used in this study were reared in the Department of Laboratory Animals, The Catholic University of Korea. All surgical interventions and pre- and post-surgical animal care were performed in accordance with the Laboratory Animals Welfare Act, the Guide for the Care and Use of Laboratory Animals, and the Guidelines and Policies for Rodent Survival Surgery of the Institutional Animal Care and Use Committee of the School of Medicine, The Catholic University of Korea, Seoul, South Korea (Approval No. CUMC-2013--0123--03).

Vaccines {#s0004-0002}
--------

A new PCV13 (Patent No. WO 2013191459) used in this study was provided by SK Chemical Co., Ltd. (Sungnam, South Korea) and a control PCV13 (Prevnar 13®, Wyeth Pharmaceuticals, Collegeville, PA, USA) was purchased from Wyeth Korea (Seoul, South Korea).

The technical information on the new PCV13 vaccine (Patent No. WO 2013191459) is briefly described as below.

The individual pneumococcal polysaccharides are purified through centrifugation, precipitation, filtration, and ultrafiltration/diafiltraion. Then the polysaccharides are chemically oxidized by NaIO~4~ to yield activated saccharides, which are directly conjugated by reductive amination to the CRM197 carrier protein to form the conjugate. In this process of reductive amination, covalent bonds between proteins and carbohydrates are formed without a formation of ligand. Periodate oxidation is used to activate polysaccharides in order to generate conjugation of saccharides to protein carriers. In periodate oxidation, sodium periodate (NaIO~4~) is utilized as an oxidizing agent used to yield oxidation of vicinal diols in the polysaccharides which consequently introduces reactive aldehydes. The aldehyde groups are required in conjugation with carrier proteins. In order to form a covalent bond between aldehyde and amine of proteins, sodium cyanoborohydride is especially suitable for reductive amination since the reaction rate for the reduction of iminium ions is much faster than aldehydes. The conjugation reaction is incubated under agitation using time and temperature conditions specific to each serotype. The reaction mix is diluted and purified by ultrafiltration/diafiltration processes.

Each 0.5 mL dose contains: 2.2 μg of pneumococcal purified capsular polysaccharides for serotypes 1, 3, 4, 5, 6A, 7F, 9V, 14, 18C, 19A, 19F and 23F, and 4.4 μg of pneumococcal purified capsular polysaccharides for serotype 6B.

Each serotype is individually conjugated to CRM197 carrier protein and adsorbed on aluminums phosphate.

Bacterial strains and culture {#s0004-0003}
-----------------------------

S. pneumoniae serotypes 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, and 23F were obtained from Statens Serum Institut (Copenhagen, DK) for the opsonophagocytic killing assay (OPA) and challenge of mice. S. pneumoniae strains were grown on blood agar (Hanil Komed, Co., Sungnam, South Korea) and Todd-Hewitt yeast (THY, BD, Sparks, MD, USA) agar or broth. Cultures in exponential phase were stored at --80°C in THY medium with 25% glycerol. Viability was confirmed by cell counting prior to experiments.

Immunisation, pneumococcal polysaccharide (PnP) ELISA, and OPA assay {#s0004-0004}
--------------------------------------------------------------------

Mice were immunised intraperitoneally (i.p. group), intramuscularly (i.m. group) or subcutaneously (s.c. group) three times at 14-day intervals with new PCV13 (15.4 or 30.8 µg total polysaccharides) or the control vaccine (Prevnar 13®). Blood samples were collected 7 d after each boost. Sera were aliquoted and stored at --70°C until required.

ELISA result was compared with the same antigen with each immunized sera (new PCV13 & Prevnar 13®). Levels of IgG against serotypes 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, and 23F were evaluated by determining endpoint titres. The endpoint titer was defined as the highest dilution above the cut-off and was calculated as the sum of the mean and two standard deviations of 20 negative mouse sera.

Serum from immunised mice was preincubated with C-polysaccharide and serotype 22F capsular polysaccharide to remove nonspecific antibodies.[@cit0029]

PnP ELISA was performed as described previously.[@cit0030] Briefly, 96-well ELISA plates were coated with 10 µg/mL polysaccharide in phosphate-buffered saline (PBS) for 3 h at room temperature, followed by blocking with 1% bovine serum albumin (Sigma-Aldrich, St. Louis, MO, USA). Sera were serially diluted twofold, and the plates were incubated at 37°C for 1 h. Then, a 1:10,000 dilution of alkaline phosphatase-conjugated goat anti-mouse secondary IgG (Thermo, Rockford, IL, USA) was added, and binding was detected using p-nitrophenyl phosphate substrate (Sigma-Aldrich) in diethanolamine buffer (pH 9.8). Between each step, plates were washed with PBS-0.05% Tween 20 at least three times. Optical densities (ODs) at 405 nm were measured using a Spectramax190 microplate reader (Molecular Devices, Sunnyvale, CA, USA).

For the OPA, the murine macrophage-like cell line J774A.1 (ATCC® TIB-67™) was used,[@cit0031] and the assay was performed as described previously, with some modifications.[@cit0032] Briefly, 2 × 10^3^ CFU/10 μL of pneumococci of each serotype were added to 40 μL of sera from immunised mice diluted with Hank\'s balanced salt solution (HBSS; Life Technologies Korea LLC, Seoul, South Korea). After incubation for 30 min at room temperature, 40 μL of J774A.1 at a concentration of 2.5 × 10^7^ cells/mL, with or without 10 μL of mouse complement serum (Sigma-Aldrich) were added, and the mixture (500:1 effector-to-target cell ratio) was incubated for 1 h at 37°C with shaking. After incubation, 10 μL of the solution were plated onto THY agar in triplicate. The plates were incubated overnight at 37°C in 5% CO~2~, and the colonies were counted.

Challenge of mice {#s0004-0005}
-----------------

The 50% lethal dose (LD~50~) of each serotype in mice was determined by monitoring survival for 1 week following intraperitoneal administration. Establishment of sepsis was confirmed by enumerating colony-forming units (CFU) in the spleen, kidney, and lung. Mouse tissue specimens were collected, suspended in PBS, serially diluted, and then plated on THY agar. Colonies were subjected to serotype-specific PCR.[@cit0033] For the intraperitoneal challenge models, mice were administered the pneumococcal strains at 100-fold the LD~50~ at 5 weeks after the final immunisation of new PCV13, and survival was monitored for 1 week. Neutropenic mice (polymorphonuclear cell count, \<100 mm^3^) for challenge tests of less-virulent serotypes were generated by two intraperitoneal injections of cyclophosphamide (Baxter, Halle/Westfalen, Germany) at 150 mg/kg body weight at 4 days, and 100 mg/kg at 1 day, before challenge.[@cit0034]^,^[@cit0035]

Statistical analysis {#s0004-0006}
--------------------

Statistical analysis was performed using the Prism software (GraphPad Software, Inc., La Jolla, CA, USA). Comparisons of PnP ELISA, OPA, and survival results were performed by unpaired t-test. A p-value \<0.05 was considered to indicate statistical significance. The box-plot analysis was performed using SigmaPlot version 10.0 software (Systat Software Inc., San Jose, CA, USA).

Abbreviations
=============

CFU

:   colony-forming units

CRM197

:   a genetically detoxified form of diphtheria toxin

IPD

:   invasive pneumococcal disease

IQR

:   interquartile range

LD~50~

:   50% lethal dose

OPA

:   opsonophagocytic killing assay

PCV13

:   13-valent pneumococcal conjugate vaccine

PnP ELISA

:   pneumococcal polysaccharide enzyme-linked immunosorbent assay

Q

:   quartile
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